JOINT 



PATENT APPLICATION 
FOR 

UNITED STATES LETTERS PATENT 



TO THE COMMISSIONER FOR PATENTS: 

BE IT KNOWN, that we, Daniel R. Cohn of Chesnut Hill, MA; Leslie Bromberg of 
Sharon, MA; Alexander Rabinovich of Swampscott, MA; and John B. Heywood of Newton, 
MA, have invented certain new and useful improvements in HIGH COMPRESSION RATIO, 
HYDROGEN ENHANCED ENGINE SYSTEM of which the following is a specification: 



Express Mail Label No: EV3252861 12US 
Attorney Docket No: 049261 1-0519 



High Compression Ratio, Hydrogen Enhanced Engine System 



Background of the Invention 

5 

This invention relates to an engine system and more particularly to a gasoline engine 
system employing hydrogen enhanced operation. 

Hydrogen addition can be used to reduce pollution (especially NOx) from vehicles with 
spark ignition engines using gasoline and other fuels. Hydrogen can be produced by onboard 

10 conversion of a fraction of gasoline or other primary fuel into hydrogen rich gas (H2 + CO) by 
partial oxidation in compact onboard devices suitable for vehicle applications. (See for example, 
Rabinovich, Bromberg, and Cohn 1995 U. S. Patent 5,437,250 which discussed a plasmatron 
fuel converter device the contents of which are incorporated herein by reference). The very lean 
operation (very low fuel-to-air ratio) made possible by combustion of the hydrogen along with 

15 the gasoline results in significantly lower nitrogen oxide (NOx) emissions. Hydrogen addition 
allows for leaner operation without misfire (an unacceptably large fraction of failed ignitions) 
than would otherwise be possible. The allowed reduction in fuel/air ratio without misfire 
increases with increasing hydrogen addition. NOx emissions decrease strongly with decreasing 
fuel/air ratio. Very lean operation also provides higher engine efficiency. However, the increase 

20 in net efficiency is reduced by the energy loss in the gasoline-to-hydrogen conversion process. 
The increase in net efficiency is relatively modest in gasoline engines using conventional 
compression ratios (9 - 10.5). 

Hydrogen addition can also be used to allow operation with larger amounts of engine gas 
recirculation (EGR) without misfire than would otherwise be possible. Increased values of EGR 

25 reduce in-cylinder burnt gas temperatures and thereby decrease NOx emissions. Operation with 
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heavy EGR at conventional stoichiometric fuel/air mixtures (where the fliel/air ratio is 
sufficiently high so that there is no excess air over that needed for complete combustion) can 
result in substantial decreases in NOx. At a stoichiometric fuel/air ratio, the highly effective 3- 
way exhaust aftertreatment catalyst can be used for substantial additional NOx reduction. 
5 However, in contrast to very lean operation, there is likely to be little, no, or even negative net 
efficiency gain at conventional compression ratios. The use of hydrogen addition to promote 
lean operation or heavy EGR has been experimentally studied in conventional compression ratio 
gasoline engines. (See, for example, M. Greve, et al., 1999 Global Power Train Congress, Oct. 
5-7, 1999, Stuttgart, Germany and I. E. Kirwin, et al., SAE Technical Paper 1999-01-2927 
10 (1999)). 

The relatively modest efficiency benefits of hydrogen enhanced lean operation at 
conventional compression ratios can be substantially increased by use of high compression ratio. 
A conceptual evaluation of high compression ratio, hydrogen enhanced lean burn gasoline 
engine operation (compression ratio 1 1 to 16) has shown that high compression ratio operation 

15 could more than double the net efficiency increase with net efficiencies gains greater than 20% 
being possible under some circumstances. (See, for example, Bromberg, et al., Intl. J. of 
Hydrogen Energy 24, 341-350 the contents of which are incorporated herein by reference). 
However, high compression ratio gasoline engine systems using hydrogen enhanced lean burn 
operation have received little attention and use of high compression ratio with hydrogen 

20 enhanced EGR for higher efficiency operation does not appear to have even been considered. 
An important reason for this lack of attention is that in order for high compression ratio, 
hydrogen enhanced engine systems to be practical, a demanding set of requirements must be met. 
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An important issue for high compression ratio, hydrogen enhanced gasoline engine 
operation is the avoidance of knock. Knock, the uncontrolled autoignition of the air/fuel mixture 
by compression rather than by spark ignition, can damage the engine. Gasoline engines are 
generally operated at compression ratios of 10.5 or lower in order to avoid knock. A gasoline 
5 engine operated at high compression ratio will experience knock if some means of reducing the 
octane requirement of the engine is not utilized. Knock can, in principle, be avoided by 
hydrogen enabled very lean operation of the gasoline engine at all times. However, use of very 
lean operation at higher engine torque and power levels can result in undesirable cost and 
performance. For a given fuel/air ratio, the amount of hydrogen required to maintain engine 

10 operation without misfire will increase with the increasing engine load. If the fuel/air ratio is not 
increased as the engine power increases, thereby allowing the hydrogen/gasoline ratio needed to 
prevent misfire to decrease, the hydrogen generation requirements will go up substantially with 
the increased gasoline flow that is required. The increased hydrogen requirements can increase 
the size and cost for an onboard gasoline-to-hydrogen fuel converter. Moreover, a vehicle 

1 5 engine that is operated very lean at high power levels would undergo a large reduction in torque 
and peak horsepower, which are required for rapid acceleration, hill climbing or towing; the 
amount of fuel in the engine cylinders is lower at lower fuel/air ratios, resulting in lower torque 
and power. If the engine operates very lean at all times, it will most likely be necessary to 
compensate for lower torque and peak power by use of a turbocharger or supercharger. Use of 

20 such boosting devices can result in a significant cost increase, particularly if large amounts of 
boost are needed. 

Hence, requirements for high compression ratio, hydrogen enhanced lean burn gasoline 
engines are substantially more demanding than is the case for conventional compression ratio 
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hydrogen enhanced lean burn engines. In conventional compression ratio engines there is no 
knock problem at any fuel/air ratio from very lean values up to stoichiometric values. Thus, in 
conventional compression ratio engines, when needed, the fuel/air ratio can be increased to 
provide higher values of torque and power without producing knock. 
5 Another need for high compression ratio hydrogen enhanced gasoline engines is to 

minimize NOx emissions for a given amount of hydrogen addition at various levels of power. It 
is desirable to reduce overall NOx emissions to a level such that the cost and complexity of a 
lean NOx aftertreatment catalyst can be avoided. High compression operation may increase 
NOx emissions. 

1 0 Control systems for hydrogen assisted natural gas engines have been previously 

considered. Collier, et al. describe a system (U.S. Patent 5,787,864) and a method (U.S. Patent 
5,666,923) that uses a variable mixture of natural gas and hydrogen, in an engine that operates at 
variable air/fuel ratios. Hydrogen addition is used to extend the degree of lean operation at low 
power while high power operation (for acceleration, merging, climbing) uses near stoichiometric 

1 5 mixtures. A set of sensors is used to monitor for misfire in the natural gas engine. Collier does 
not consider the effect of knock on the control scenario and sensors are not used to measure 
knock; natural gas has a higher octane rating than gasoline which reduces the impact of knock at 
high compression ratio. In addition, natural gas has an inherently leaner combustion limit than 
gasoline and hydrogen requirements for extending the lean limit can be lower than those for 

20 gasoline. Moreover, Collier does not consider ways to minimize NOx emissions for a given 
amount of hydrogen addition so as to suppress NOx to extremely low levels. Collier also fails 
to consider the use of EGR for torque and power control and does not take the effect of EGR 
knock limit into account. 

4 

3607098vl 



Summary of the Invention 
According to one aspect, the invention is an internal combustion spark-ignition gasoline 
engine having a compression ratio in the range of 1 1-16; and a means for introducing into the 
5 engine lean fuel/air mixtures including an amount of hydrogen sufficient to prevent misfire at a 
first equivalence ratio in the range of 0.4 - 0.7 (where the equivalence ratio is the actual fuel/air 
ratio divided by the stoichiometric fuel/air ratio) when the engine is operated below a selected 
torque or power level and introducing into the engine a fuel/air mixture at a second equivalence 
ratio greater than the first equivalence ratio, when the engine is operated above the selected 
10 power or torque level, the second equivalence ratio selected to increase the engine torque and 
prevent knock. The engine may be naturally aspirated, turbocharged, or supercharged. 

A knock sensor may be provided to sense the onset of knock and additional turbulence 
may be induced in the engine cylinder to improve combustion and prevent knock. 

In one embodiment, the spatial positioning of the hydrogen injection in the cylinder is 
15 such as to allow lower overall equivalence ratio operation without misfire for a given amount of 
hydrogen. Increased turbulence or variable turbulence may also be used to allow for lower 
equivalence ratio operation. 

In another aspect, the internal combustion system of the invention includes an internal 
combustion spark-ignition gasoline engine having a compression ratio in the range of 1 1-16; and 
20 means for introducing into an engine a fuel/air mixture having substantially a stoichiometric 
ratio, fueled with gasoline along with hydrogen and with exhaust gas recirculation (EGR), the 
amount of hydrogen determined by the amount necessary to maintain the desired level of EGR 
without misfire. In a preferred embodiment, a 3-way exhaust aftertreatment catalyst is provided 
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for further NOx reduction. The EGR level can be continually varied during the driving cycle 
with highest amounts of EGR used at low torque and engine power requirements. The lowest 
amount of EGR that is used is that which is necessary to prevent knock. 

The amount of EGR that can be allowed without misfire for a given amount of hydrogen 
5 can be increased by spatially preferred injection of hydrogen into the cylinder, increased 
turbulence or variable valve timing. Hydrogen injection near the spark plug could improve 
combustion in a heavy EGR environment. 

EGR could also be used in combination with lean operation to insure that the transition 
from lean to less lean operation occurs with very low NOx generation and to maximize the 
10 torque and power available from the engine. 

Brief Description of the Drawing 
Figure 1 is a schematic diagram of a high compression ratio engine system that has 
individually controlled inputs of fuel, air, hydrogen rich gas, and EGR (Exhaust Gas 
1 5 Recirculation) and includes a knock sensor. 

Figure 2 is a schematic diagram similar to Figure 1, but also includes a misfire sensor to 
determine conditions of misfire in the engine. 

Figure 3 is a schematic diagram of an embodiment of the invention without a 3 -way 
exhaust aftertreatment catalyst. 
20 Figure 4 is a schematic diagram of an embodiment with a boosted engine, either 

turbocharged or supercharged. 

Figure 5 is a graph showing lean burn engine operation characteristics as a function of 
torque and speed, for conditions without use of EGR at higher torque or power levels. 
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Figure 6 is a graph showing lean burn engine operation characteristics as a function of 
torque and speed, for conditions with use of EGR at higher torque or power levels. 

Figure 7 is a graph showing lean burn engine characteristics as a function of torque and 
speed for conditions with use of EGR at all torque or power levels. 

5 

Description of the Preferred Embodiment 
An engine system involving a certain set of hydrogen/gasoline engine fuel-to-air ratios 
and other parameters is used to optimize conditions for achievement of a given set of goals for 
overall performance of a high compression ratio (r c = 1 1-16) spark- ignition engine. The 

1 0 hydrogen can be provided by an onboard gasoline-to-hydrogen fuel converter external to the 
engine, a converter that provides hydrogen internally in the engine block, or by onboard storage 
of hydrogen that is produced externally to the vehicle. Optimization involves minimization of 
NOx, fuel consumption, hydrogen requirements and cost. Changes in various parameters are 
made in response to engine torque or power level, signals from knock sensors, misfire sensors 

15 and other inputs. 

At lower torque or power levels, which constitute a high fraction of the driving time, very 
lean operation is used to maximize NOx reduction and engine efficiency. When the engine 
torque or power level reaches a certain percentage of maximum attainable torque or power, the 
control system switches to a mode where the fuel-to-air ratio is increased, thereby reducing 
20 hydrogen requirements needed to allow lean operation and increasing torque and engine power at 
a given engine speed. Because the degree of leanness is reduced, NOx will increase and engine 
efficiency will decrease, but this occurs only during the relatively small fraction of the time that 
the vehicle operates at higher torque and power levels. 
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This control feature of increasing the fUel-to-air ratio is based upon the recognition that 
the knock limit can occur at significantly higher fuel-to-air ratios than the lean limit when the 
lean limit is extended to lower fuel/air ratios by use of hydrogen. Without the extension of the 
lean limit by the use of hydrogen, the fuel/air ratios of the lean limit and the knock limit can be 
5 quite close. (See J. B. Heywood, Internal Combustion Engine Fundamentals, 1988, pp. 856 the 
contents of which are incorporated herein by reference). If this control strategy were not used, 
the fuel-to-air ratio employed would not be the optimum for achieving high torque and power 
levels and avoiding knock at high compression ratios. Hydrogen throughputs can be minimized 
and engine power maximized by increasing the fuel-to-air ratio until the knock limit is reached. 

10 The amount of hydrogen generation would simultaneously be changed to provide the hydrogen 
addition needed to operate lean without a misfire. 

Increasing the fuel/air ratio can substantially reduce the required hydrogen/gasoline ratio 
needed to prevent misfire. Thus, at high engine loads (where the gasoline flow rate can be five 
times the flow rate at light loads) it may be possible to keep hydrogen generation requirements at 

15 levels similar to those in light load operation, thus greatly reducing the requirements for onboard 
hydrogen generation equipment. 

During light load operation (which occurs during a high fraction of the driving time), 
operation in a very lean mode (the equivalence ratio, 0, can vary from 0.4 to 0.7, where 0 = 
(actual fuel/air ratio)/(stoichiometric fuel/air ratio)) can lead to a substantial reduction of NOx 

20 relative to stoichiometric operation. Greater than a 97% reduction, thereby suppressing NOx 
emissions to very low levels, can be readily obtained and preferably a 99% NOx reduction can 
be achieved by operation in the lower equivalence ratio end of the range. By suppressing NOx to 
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very low levels, the need for a lean NOx exhaust aftertreatment catalyst, which can add 
considerable expense and complexity, is reduced and may be removed entirely. 

Overall efficiency is maximized by keeping the hydrogen/gasoline ratio as low as 
possible and thus minimizing the fraction of gasoline that must be converted into hydrogen rich 
5 gas to a moderate fraction. If a high fraction of the gasoline is converted into hydrogen, 
conversion losses can have a strong effect on overall efficiency. 

Increased turbulence in the cylinder can be used to reduce the hydrogen required to 
operate at a given value of 0 without misfire. This capability can be used to make possible 
operation at a lower value of 0, with corresponding lower NOx generation, for a given 

10 hydrogen/gasoline ratio. It is well known that turbulence improves the combustion 

characteristics of air/fuel mixtures. The use of additional turbulence in the cylinder can therefore 
decrease the required amount of hydrogen for avoiding misfire. Additional turbulence can be 
provided by geometry of the piston/cylinder head, or by charge induction. Variable valve timing 
and lift can also be used to provide turbulence when it is needed. Additional turbulence at all 

1 5 load conditions may be undesirable due to increased losses to the walls, which can decrease the 
efficiency of the engine. An alternative option for reducing the hydrogen addition requirements 
needed for achieving lean operation is to inject the hydrogen rich gas into the engine in such a 
way as to induce additional turbulence. 

Another approach to reduce hydrogen required to avoid misfire at a given 0 is to stratify 

20 the hydrogen injection. Combustion duration can be dominated by initiation of flame 

propagation. Burning of the first 10% of the fuel takes a longer time than burning of the next 
90% of the fuel. In operation when the fuel is homogeneously mixed with the air, it is possible 
to dramatically decrease the flame development time (initial burn of 10% of the fuel) if the 
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hydrogen is inhomogeneously injected into the cylinder. If the hydrogen injection is stratified, 
with a large fraction close to the spark, the required amount of hydrogen addition could be 
substantially decreased. This approach could also be used in engines with standard compression 
ratios. 

5 When the required torque or power level increases to a selected value, the control is 

activated to increase 0. As a result, the torque and power of the engine increase at a given 
engine speed since there is more fuel for a given amount of air. In one mode of operation, when 
0 is increased to a value such that it is just below that at which knock occurs, the amount of 
hydrogen is varied so as to insure that misfire does not occur at the new value of 0. Another 

10 possible operation mode is to fix the amount of hydrogen generation above a certain load level, 
with the level of hydrogen sufficient at all torque or power levels to make possible sufficiently 
lean operation to prevent knock without misfire. 

The highest value of equivalence ratio at which knock does not occur may be increased 
by adding turbulence (see J. B. Heywood, Internal Combustion Engine Fundamentals 1988, p. 

1 5 856). Turbulence can be added only at higher torque and power levels in order to minimize 
adverse effects on engine efficiency. 

The significant difference between the very low equivalence ratio misfire limit enabled 
by the use of hydrogen (at which there is very low NOx generation) and the maximum 
equivalence ratio without the occurrence of knock can allow for a substantial increase in torque 

20 and power when required. For example, operation at an equivalence ratio between 0.4 and 0.55 
could reduce NOx generation by at least 98% and preferably 99%, and 0 could be increased for a 
small fraction of time to a value in the range of 0.6 to 0.8, thereby increasing torque and power 
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by up to a factor of two at constant engine speed. The rate of increase to the highest equivalence 
ratio range could be varied according to requirements for engine system optimization. 

The point at which the value of 0 will be increased and the value of 0 in the high power 
region will depend upon the NOx emission control strategy in the high power region. If NOx 
5 emissions from the vehicle are relatively high after 0 has been increased, it may be necessary to 
limit the operating time in this region to a small fraction of the total driving time in order to keep 
the overall NOx level down. 

An option for minimizing NOx emissions at high torque or power levels in a lean burn 
engine is to switch to use of engine gas recirculation (EGR) at these power levels. The 
10 equivalence ratio can be increased to substantially 1 (stoichiometric operation). At 0 = 1, a 3- 
way exhaust aftertreatment catalyst becomes very effective in reducing NOx. Operation with 0 
slightly greater than 1 may be used. Operation with 0 slightly above 1 is used in present vehicles 
to keep the catalyst cool. An important advantage of using EGR is that it, in contrast to lean 
operation, can be used in conjunction with a 3 -way catalyst. The use of EGR to prevent knock 
1 5 may be hampered by the high temperature of the recirculated gas; cooling of this gas may be 
required prior to injection into the engine. 

In one mode of operation, EGR is used to smooth the transition from very lean low power 
operation to high power operation with a stoichiometric fiiel/air mixture. The presence of EGR 
suppresses NOx as the equivalence ratio is raised. At the highest power levels the equivalence 
20 ratio is set at one, allowing a larger decrease in NOx through use of a 3 -way catalyst. In this 
way, vehicle NOx emissions are suppressed to very low levels at all levels of engine power. 

Alternatively, a combination of EGR and lean burn could be used at light loads as well as 
at higher loads, as shown in Fig. 7. Use of EGR with lean operation at light loads can provide 
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greater flexibility in varying the equivalence ratio in the transition to higher torque and power 
levels. The equivalence ratio could then be varied up to a value of 1 with NOx suppressed to low 
values and knock prevented by the presence of EGR. The presence of EGR at light loads can 
ensure that rapid increases in EGR do not necessarily have to accompany rapid increases in the 
5 equivalence ratio. The amount of hydrogen used would be determined by the level needed to 
prevent misfire. 

Stoichiometric fuel/air mixture operation with no EGR will maximize engine power. If 
no EGR is used, knock may be avoided by use of a variable compression ratio engine which 
reduces the compression ratio at high power. However, the use of variable compression ratio can 

1 0 significantly increase complexity and cost. 

The high compression ratio gasoline engine using hydrogen enhanced operation can be 
operated in either a naturally aspirated or boosted (supercharged or turbocharged) mode. It may 
be desirable to add boosting to provide torque and power control and to increase maximum 
power capability by increasing the amount of fuel/air mixture in the cylinder. 

1 5 At conditions of high power in a high compression ratio engine, it may be possible to 

utilize hydrogen rich gas to prevent knock, with no or less EGR than would otherwise be 
required. Hydrogen rich gas would have a small effect on the peak power, due to air charge 
dilution (less air for combustion in the cylinder). 

As an alternative to high compression ratio, hydrogen enhanced lean burn operation, high 

20 compression ratio, hydrogen enhanced engine gas recirculation (EGR) operation can be used 

with a stoichiometric fuel/air ratio at all torque and power levels. Using increased levels of EGR 
increases the heat capacity of the gaseous mixture in the cylinder, thereby reducing the burnt gas 
temperature and decreasing NOx. Heavy EGR also increases efficiency, although less than very 
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lean operation, by providing more favorable thermodynamic conditions (a more favorable ratio 
of specific heat and reduced heat losses) and open throttle operation. When used in a high 
compression ratio hydrogen enhanced engine, use of EGR could provide significant net increases 
in engine efficiency (e.g., > 10%) in contrast to little, no or negative increase in net engine 
5 system efficiency at conventional compression ratios. 

Sufficient levels of EGR should also allow high compression ratio operation without 
knock. The increased dilution provided by EGR will reduce the propensity for self-ignition. 

As mentioned previously, use of EGR has the advantage of allowing the use of the highly 
effective 3 -way catalyst for NOx reduction by exhaust aftertreatment. This catalyst requires a 
10 stoichiometric fuel/air ratio. In regular operation at lower power levels, heavy EGR (e.g., 15- 
40% engine gas recirculation) can be used in combination with a 3 -way exhaust aftertreatment 
catalyst to reduce NOx to more than 97% and preferably 99% below NOx levels at 
stoichiometric operation without the use of a 3 -way catalyst or EGR. 

The use of the 3 -way catalyst reduces the amount of dilution required for achieving a 
1 5 given amount of NOx reduction. As a result, higher engine power levels can be achieved at a 
given RPM for a given amount of NOx than with the case where very lean burn is used. It may 
also be possible to reduce the hydrogen/gasoline ratios that are required. 

Changing EGR levels provides a means to vary torque and power over a wide operating 
range and provide high powers with minimum reduction due to dilution. 
20 For a given amount of hydrogen addition, greater levels of EGR and thus greater NOx 

reduction may be achieved by injecting the hydrogen close to the spark plug, or by creating 
additional turbulence as is the case with lean burn. During the small fraction of the time that the 
engine operates at high power, EGR levels can be reduced to levels which are sufficient to 
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prevent knock. Thus, higher powers at a given RPM and reduced hydrogen requirements can be 
realized. 

It may be useful to cool the recirculated engine gas before it is used in the cylinder. 
Cooling increases the number of gas molecules that can be provided at a given temperature and 
5 also mitigates the propensity for knock that could be created by higher temperatures. Both 
naturally aspirated and boosted engines may be used with hydrogen enhanced EGR operation. 

The high compression ratio, hydrogen enhanced engine operating modes described for 
hydrogen/gasoline mixtures can be applied to the use of other mixtures involving natural gas, 
propane, ethanol and methanol. 

10 Various embodiments of the present invention will now be described in conjunction with 

the figures of the drawing. With reference first to Fig. 1, a high compression ratio gasoline 
engine 10 receives fuel from a fuel tank 12 through a valve 14. Similarly, the engine 10 receives 
air through a valve 16 and receives hydrogen rich gas through a valve 18. Exhaust gas 
recirculation (EGR) is provided to the engine 10 through a valve 20. The valves 14, 16, 18 and 

15 20 are under the control of an electronic control unit (ECU) 22. The ECU 22 receives an input 
from an operator by means of a pedal 24. The ECU 22 individually controls the valves 14, 16, 
1 8 and 20 so as to be able to independently control the amount of fuel, air, hydrogen-rich gas and 
EGR introduced into the engine 10. A knock sensor 26 detects knock in the engine 10 and 
provides an input signal into the ECU 22. A 3-way catalyst 28 may be provided to reduce 

20 further emissions from the engine 10. The ECU 22 is programmed so that the engine 10 operates 
in the low and high power regimes as necessary as described earlier. 

With reference now to Fig. 2, a misfire sensor 30 is added to the system shown in Fig. 1 . 
The misfire sensor 30 detects misfire in the engine 10 and sends a signal to the ECU 22. As 
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discussed above, the fuel/air ratio and/or the amount of hydrogen-rich gas and/or EGR 
introduced into the engine 10 is adjusted in response to the misfire sensor 30. 

The embodiment illustrated in Fig. 3 is similar to that in Fig. 1 but without a 3 -way 
catalyst which can be unnecessary in some of the operational modes as discussed above. 

Fig. 4 is directed to an embodiment of the system of the invention in which the high 
compression ratio gasoline engine 10 may be boosted as by turbo charging or supercharging. 

Figure 5 illustrates how torque varies as a function of lean burn engine speed as the 
equivalence ratio is altered without the use of EGR at high power. Operation at 0 = 1 is possible 
with variable compression ratio. The hydrogen/gasoline ratio is decreased at high values of 
torque and power. Substantial throttling may be needed. Figure 6 is a similar graph utilizing 
EGR at high power. It illustrates very lean operation at lower power levels with stoichiometric 
operation (0 = 1) at high power with EGR used to avoid knock. Alternatively, variable 
compression ratio can be used to avoid knock obviating EGR at high power. Fig. 7 shows 
operation using the combination of lean fuel mixtures and EGR at all torque and power levels. 

It is intended that all variations and modifications of the invention disclosed herein be 
included within the scope of the appended claims. 

What is claimed is: 
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